Molds are naturally occurring in the environment, and humans are constantly being exposed to them. However, invasive fungal infections (IFIs) due to molds occur only in those individuals who have certain risk factors, particularly those who are immunosuppressed. The number of immunosuppressed patients has increased as there are more patients receiving transplants (solid organ and hematopoietic stem cells), and immune modulators are given to patients with diverse autoimmune diseases. Also at risk are patients undergoing major surgeries, those on chemotherapeutic agents, patients with diabetes, and those infected with human immunodeficiency virus. [1] [2] [3] [4] The most frequent presentation of a mold infection in the central nervous system (CNS) is rhinocerebral mucormycosis. Patients are usually in ketoacidosis and have fever, respiratory failure, and neurologic deterioration.
5 Nasal endoscopy will demonstrate necrotic ulcers in the nasal mucosa and turbinates, and imaging will determine the extent of disease, which will guide surgical debridement. Aspergillus species and dematiaceous molds can also present with similar symptoms as rhinocerebral mucormycosis. Another presentation of mold infections in the CNS is an abscess. In these cases, mortality can be as high as 85% to 100%, and the causative agent is frequently Aspergillus. 6, 7 In imaging, these patients have a polylobulated abscess with peripheral contrast enhancement and substantial inflammation in adjacent structures. 8 Other frequent fungal infections in the CNS include yeasts such as Candida species and Cryptococcus neoformans. It should be noted that although Candida are yeasts from the microbiologic perspective, in tissues sections, these show yeasts (round structures) together with hyphae and pseudohyphae (structures that appear as septated hyaline hyphae), which creates a morphologic dilemma for pathologists.
Histopathologic examination provides rapid diagnostic elements in cases of IFIs as it defines that the mold is invasive and can broadly indicate the type of hyphae present and host inflammatory response. 9 From the morphologic perspective, hyphae can be classified into three basic groups ❚Figure 1❚: hyaline pauciseptated, hyaline septated, and pigmented or dematiaceous. The hyaline pauciseptated group includes the order of the Mucorales (previously Zygomyces). Aspergillus species constitutes the most frequently isolated mold in the hyaline septated group, although other invasive hyaline septated molds include Fusarium species, Scedosporium species, Paecilomyces species, Candida species, and others. Last, dematiaceous or pigmented molds, although infrequent, can be found in neuropathology specimens, as happened during the outbreak of Exserohilum associated with manufacturing practices in a compound pharmacy. It should be noted that genus and species cannot be determined with certainty when using histopathology and that misclassification of the hyphae can lead to clinical confusion and inadequate treatment. 1, 9 Following, we present three cases that exemplify a practical approach to diagnosis of molds observed in neuropathologic specimens.
Case 1
A 48-year-old man with a history of frontal meningioma (World Health Organization grade II) following resection and radiation therapy sought treatment 2.5 years after resection with a 4-month history of worsening headaches. He had had a complicated postoperative course with deep venous thrombosis, pulmonary embolism, heparin-induced thrombocytopenia, and mania believed to be secondary to systemic steroid administration. Magnetic resonance imaging revealed changes consistent with multicompartmental infection in the left frontal lobe, left frontal cerebral abscess, vasogenic edema, and evidence of osteomyelitis. He underwent craniotomy and debridement. Frozen section performed was consistent with reactive inflammatory tissue, and hyphae were not observed. Permanent tissue sections revealed numerous fungal structures composed of septate hyaline hyphae (3-6 μm) ❚Image 1A❚ and ❚Image 1B❚ with occasional dichotomous branching (45° angles). The presence of fungal structures was highlighted through Grocott methenamine silver (GMS) and periodic acidSchiff (PAS). Preliminary diagnosis of septated fungal infection was given, and tissue cultures grew Aspergillus fumigatus a week later. He received 6 months of treatment with voriconazole that ultimately had to be switched to posaconazole secondary to skin rash. Six months after surgery, the infection was cleared, but he continued to be followed for possible ethmoid sinus defect.
Case 2
A 69-year-old man sought treatment at the emergency department for asthenia, dizziness, persistent nonproductive cough, and bilateral lower extremity edema. Medical history included chronic obstructive pulmonary disease, type 2 diabetes mellitus, coronary artery disease, ❚Figure 1❚ Algorithm for diagnosis of hyphae. Note that first one has to define if the hyphae have pigment, then the amount of septations. Diverse genera of fungi can be observed in each group.
❚Image 1❚ A, B, Hyaline septated hyphae in the background of necrosis (specimen grew Aspergillus) (H&E, ×400). C, D, Tissue sections (H&E, ×400) demonstrate angioinvasive, pauciseptated, and broad (ribbon-like) hyphae (specimen grew Mucor). Dematiaceous mold (H&E, ×400) in the background of granulomatous inflammation with abundant eosinophils; note the light pigmentation in the hyphae (E) in a background of granulomatous inflammation (F) (specimen grew Curvularia).
chronic lymphocytic leukemia with unmutated immunoglobulin heavy-chain variable region (IgVH) following six cycles with ibrutinib, end-stage renal disease on dialysis, and squamous cell carcinoma of the left face following multiple surgical resections and radiation therapy. On admission, he was found to be hypotensive, tachycardic, and tachypneic. A noncontrast computed tomography (CT) revealed a focal hypodensity involving the anterior aspect of the left frontal lobe, signs of prior left-sided orbital exenteration, progressive sclerosis, and irregularity of the superior and medial walls, as well as near-complete opacification of the left frontal sinus suggestive of inspissated secretions, hemorrhage, or chronic fungal colonization. Nasal endoscopy was performed, and a biopsy of the left inferior turbinate was taken. A frozen section was performed and hyphae were not identified. Nevertheless, the permanent sections revealed respiratory mucosa with necrosis and angioinvasive fungal pauciseptated hyphae ❚Image 1C❚ and ❚Image 1D❚. The patient was taken urgently to the operating room for wide surgical debridement and was treated with amphotericin B that was later changed to voriconazole due to worsening renal function. GMS and PAS were performed on debridement specimens and were consistent for invasive fungal infection. On tissue cultures, definition of genus and species could not be performed, and Mucor species was identified by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS). Treatment regimen was switched to isavuconazole, and he was discharged a month later after multiple complications.
Case 3
A 21-year-old man was transferred from an outside institution because of worsening tonic-clonic seizures. Noncontrast CT on admission revealed a mass-like structure in the left frontal lobe, extending past the midline into the right frontal lobe and inferiorly to the anterior portion of the left middle cranial fossa and sella turcica. Further questioning of the mother revealed that he had a known history of chronic sinusitis, as well as an intracerebral infection diagnosed 5 years prior to admission. He had been treated with oral voriconazole and levetiracetam since diagnosis and with the new development of seizures due to poor compliance. He underwent bifrontal craniotomy for subtotal resection of the left frontal mass, which was larger than that performed on the right frontal mass. Frozen section revealed granulomatous and suppurative inflammation suggestive of infection, and no hyphae were identified. Permanent tissue sections showed abundant granulomatous inflammation with some necrosis. Within the multinucleated giant cells, there were multiple slightly pigmented hyphae ❚Image 1E❚ and globose fungal structures ❚Image 1F❚. Preliminary diagnosis of pigmented mold was delivered to the clinical team, and tissue cultures grew Curvularia species after 1 month. The patient was treated with multiple courses of amphotericin B and developed secondary renal toxicity. Extensive workup did not reveal any evidence of immunosuppression. The patient was ultimately discharged and readmitted 3 months later with a history of altered mental status and hydrocephalus. He was treated once again with antifungals and discharged.
Discussion
The three cases we present exemplify the use of the algorithm to follow when hyphae are observed in histopathologic specimens (Figure 1) . This algorithm provides a framework on how to diagnose the hyphae and gives examples of the genera that are in each category. The algorithm starts by defining if the hyphae have pigment. This is best performed using H&E since stains for melanin (Fontana-Masson) can highlight pigment in hyaline hyphae such as Aspergillus. 10 Pathologists need to look for the hyphal elements (long, rectangular-shaped structures) rather than looking at conidia (round structures), arthroconidia (square shaped with rounded corners), or other fungal structures as these may be pigmented even though the mold is not a dematiaceous mold. When hyaline (those that do not contain melanin) hyphae are observed, the pathologist needs to define the presence of septations. Frequency of septations should be assessed in a longitudinal cut of the hyphae where one or less than one septation will likely correspond to the Mucorales order. Other features that can also be present in pauciseptated molds include broad hyphae (sometimes described as ribbon-like as they may appear to be folded) and right angle branching. When the hyaline hyphae show two or more septations in a longitudinal cut, the group includes a wide variety of genera. Other features that can be seen in hyaline septated molds include narrow hyphae and acute angle branching.
Several researchers have demonstrated inconsistent correlation between culture and histopathology. 9, 11, 12 Sangoi et al 9 emphasized the importance of having descriptive diagnoses for molds to avoid misclassifications. They correlated retrospectively culture-confirmed mold infections to histopathologic diagnosis and found that 21% of their cases were discrepant. They recognized that special stains (particularly GMS) did not improve the diagnostic ability of the pathologists. Most of the discrepancies occurred when there were few broken and necrotic hyphae and the pathologists overextended their ability by trying to determine a genus. The lack of correlation between culture and histopathologic diagnosis has led pathologists to study the use of immunohistochemical (IHC) techniques. Currently, there are commercially available antibodies (monoclonal and polyclonal) against several of the fungal genera; however, these antibodies have shown crossreactivity between genera. [13] [14] [15] For example, the Aspergillus antibody cross-reacts with Candida, Curvularia, and Fusarium with a positive reaction potentially providing a sense of diagnostic certainty for a specific genus and creating clinical confusion. 13 Thus, when using IHC, pathologists need to be cognizant of the cross-reactivities of these antibodies. In many ways, this is similar to the use of serum galactomannan and β-D-glucan testing, as these two molecules are present in many fungi and have cross-reactivity between fungi as well as bacteria, such as Nocardia, and thus do not help to differentiate between fungi that can cause human infections.
16- 18 The use of molecular techniques to define genus appears more promising even when using formalin-fixed, paraffinembedded tissue specimens. [19] [20] [21] Although it needs to be remembered that the specimen to be sent for molecular analysis has to have visible hyphae in the tissue section.
The morphologic considerations using the algorithm to avoid misclassifications are primarily done on permanent sections. However, most neuropathology cases include an intraoperative consultation with touch/smear or squash preparations and frozen sections, as occurred in all our cases. Our cases showed inflammation but no hyphae, begging the question of sensitivity of intraoperative consultation for diagnosis of fungal infections. The role of intraoperative consultation has been addressed for invasive fungal sinusitis by Taxy et al, 22 who showed that fungal elements were present in only five of eight cases in which multiple debridements were performed, although they did not particularly address if they could classify further the type of hyphae present. Probably the biggest contribution of intraoperative consultations in neuropathology regarding fungal infections is defining that the lesion is inflammatory rather than neoplastic so that a sample is sent for culture. In addition, the type of inflammatory infiltrate seen during the frozen section may prompt the pathologist to order special stains before seeing the permanent sections. Although special stains may not necessarily improve the diagnostic ability of the pathologists, 9 highlighting the fungal elements with them provides assurance that the microorganisms are present.
Case 1 demonstrated numerous thin septated hyphae (Image 1A) with occasional acute dichotomous branching embedded in dense fibroconnective tissue and areas of necrosis (Image 1B), acute and chronic inflammation, and suture material with associated giant cell reaction. GMS and PAS stains highlighted the presence of numerous fungal structures but did not add to what we already knew with the H&E stain. Culture of the specimen grew A fumigatus a week later. Within the group of septated fungi, Aspergillus species will be the most frequently encountered. 1, 9, 11 Neutrophilic infiltration, necrosis, and prominent angioinvasion are common findings. Nonetheless, the pathologist has to be aware that the inflammatory infiltrate might not be observed in patients with profound immunosuppression. 1, 23 The same hyaline septated hyphal morphology and host reaction can be present in infections caused by other invasive fungi such as Fusarium species, Scedosporium species, Trichoderma species, and Paecilomyces species, as well as others that are not usually considered in that group, such as Mucorales and Candida species. 1 Several Fusarium species cause infections in humans, 24 although Fusarium solani is the most pathogenic. 3, 25 Acute branching septate hyaline hyphae with occasional sporulation are histopathologic findings that make difficult the distinction between Aspergillus species and other septated fungi by morphology. Fortunately, Fusarium grows easily even in blood cultures and has very characteristic crescent-or banana-shaped macroconidia. In some instances, polymerase chain reaction (PCR) might still be required to distinguish the species.
3,26
Scedosporium boydii can cause disseminated infections, and involvement of the CNS has been associated with near-drowning accidents. 3, [27] [28] [29] [30] [31] Histologic appearance is similar to the previously described species (Aspergillus and Fusarium) but occasionally annelloconidia (conidia that develop from the extruded end of conidiophore) may be observed. 1, [32] [33] [34] Candida species can be suspected by the presence of yeast and pseudohyphae on H&E.
1,35 Candida infections have been described in the supratentorial location involving the deep cerebral cortex layer and showing minimal neutrophilic and lymphocytic infiltration. 23, 35 Case 2 showed pauciseptated hyaline mold in H&E tissue sections, and MALDI-TOF MS of the culture determined it was a Mucor species Hyaline pauciseptated hyphae include the Mucorales order with a large number of genera: Rhizopus species, Rhizormucor species, Mucor species, Cunninghamella species, Absidia (Lichtheimia) species IHC, in situ hybridization, and PCR are important diagnostic tools when there is a need to define the genus [19] [20] [21] since culture might be unsuccessful due to fungal fragility after forceful grinding of tissue. 36 MALDI-TOF can be used to define the genus once a culture is growing, as done in our case.
The evaluated tissue sections on case 3 revealed brain parenchyma with an extensive heterogeneous mixed inflammatory infiltrate and abundant multinucleated giant cells. Numerous mildly pigmented round (conidia) and thin, long rectangular (hyphae) structures were present within multinucleated giant cells and surrounding fibroconnective tissue. Culture of the specimen grew Curvularia species More than 60 genera of dematiaceous fungi have been reported to cause human disease. 37 These include some that are known to cause diseases similar to those seen with Aspergillus species, such as Curvularia, Bipolaris, and others. Then there are those that are known to cause CNS infections such as Cladophialophora bantiana. 1, 38 These pigmented fungi produce melanin that allows them to survive in the environment and is a virulence factor. 39 On tissue sections, in addition to the hyphae having pigment, the hyphae show prominent septa displaying multiple constrictions and variable branching. Some of the genera may be lightly pigmented, and thus they may not be easily distinguished from hyaline septated molds. 40 Although the Fontana-Masson stain can be useful to demonstrate the melanin pigment, it needs to be remembered that hyaline fungi can also stain with Fontana-Masson.
3,10

Conclusion
Initial morphologic assessment on H&E tissue sections remains an important part of the diagnostic workup for invasive CNS fungal infections caused by molds. By using a systematic approach focused on hyphal structural features (presence and number of septations and pigment) and clinical presentation, pathologists can closely determine the class of mold infection. Special stains (GMS, PAS, and Fontana-Masson) are useful to highlight the fungal wall but are not helpful with classification. This same algorithm can be used for hyphae causing infections in other organs. An attempt to determine genus and species should not be done by pathologists since this can only be determined through culture, PCR, and MALDI-TOF. Pathologists have the opportunity of giving an early differential diagnosis that can guide treatment while waiting for confirmatory tests.
